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EXECUTIVE SUMMARY

This document is a set of notes intended to help a new Ph.D. in physics or
chemistry (or person of equivalent training) become familiar with the specialized literature
of the applied fields of atmospheric nuclear weapons effects, missile reentry, upper
atmospheric physics, or high-energy laser propagation through the atmosphere. The
document is not a substitute for a course in high-temperature gas dynamics. It presents a
simple overview of some key physical factors, and gives references both to relevant
textbooks and to the "gray" literature specific to the field..

Part I consists of a general introduction (Chapter 1), a discussion of equilibrium air
at temperatures to approximately 10,000 K (Chapter 2), a discussion of the radiation from
high-temperature air (Chapter 3), and--as a bridge to Part II, to be published later, which
will address some applications--Chapter 4, which gives a brief discussion of some specific
heating mechanisms.

Chapter 2 points out that air starts to dissociate at a temperature of 2000 K to
4000 K (depending on the pressure), even though the mean thermal energy of the
molecules at these temperatures is much less than the dissociation energy. The emphasis in
the discussion is on equilibrium processes, with an indication of where detailed
considerations of non-equilibrium such as chemical kinetics become important. While
many current applications deal with non-equilibrium situations, yet those generally start
from equilibrium which provides a simple and rigorous limit. It is pointed out that at the
higher temperatures T, radiative energy transfer (which goes as T4 or faster) tends to
predominate over convective heat transfer (which goes as grad T). Chapter 3 treats
radiative problems, addressing both radiative transfer and quantitative molecular
spectroscopy, and finishes by comparing radiative heat transfer by dissociating air and by
other molecules with that from a blackbody in the same temperature range. Chapter 4
addresses the thermal excitation of air by shock and other aerodynamic heating (in
spacecraft reentry), by X-ray heating (in the nuclear fireball), and by the absorption of solar
ultravioiet radiation (in the earth's upper atmosphere).
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Part I, Applications, will be prepared later. It will expand on Chapter 4 with more
extensive discussions of reentry physics, atmospheric nuclear weapons effects, and
electromagnetic wave propagation within the atmosphere.




1. INTRODUCTION

A variety of technical applications require an understanding of the physics of high-
temperature air, where "high temperature” is taken to mean 1000 K to 10,000 K. Some
applications are to missile ur space vehicle entry into the earth's atmosphere, and to nuclear
explosions within the atmosphere which lead to the formation of a "fireball." Related
applications deal with rocket propulsion and with the propagation of high-energy laser
beams in the atmosphere.

When air is heated to 2000 K to 4000 K (depending on pressure) it begins to
dissociate; by 10,000 K it is not only fully dissociated but at least singly ionized. To break
all these chemical bonds requires a great deal of energy. Thus the physical and chemical
properties of high-temperature air are quite different from those of room temperature air
because of the presence of reactive molecules (such as oxides of nitrogen), atoms, and
(atomic and molecular) ions.

The general training of a Ph.D. physicist or chemist typically does not .nclude the
characteristics of air in the 1000 K to 1,000 K temperature range. These properties were
elucidated largely between 1950 and 1965, frequently in an applied and often classified
context in the "gray literature" of technical reports. Someone who begins working in the
field of reentry physics now, in 1989, mav be referred to computer codes which were
generated originally as much as 25 years ago, have been modified extensively and are
probably documented and referenced inadequately. There have been very few atmospheric
nuclear tests since 1962, and the literature consists of successively more sophisticated
numerical analyses of these very limited test data. In either case, the physical basis of
current numerical models is often not readily accessible to the new user.

In much of the current literature, the chemical composition of the relevant gases is
based on the solution of systems of coupled chemical reactions rather than on the
assumption of Local Thermodynamic Equilibrium (LTE). Such a non-equilibrium
description can be more accurate than LTE for times so short that equilibrium is not
attained, provided the reaction set used is sufficiently large, appropriate, and correct, which
is a non-trivial condition. However, as an introduction to the field it is convenient to
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discuss the physics largely in terms of an LTE model which is intuitively simple and
provides a starting point for the more detailed non-LTE models.

This document is the first part of a two-part series. Discussed here are the
equilibrium composition and radiative properties of high-temperature air (respectively, in
Chapters 2 and 3), indicating where non-equilibrium (kinetic) considerations become
important. Chapter 4 is a bridge to a planned Part II of this document which will be
published later. It presents some examples of how the heated air discussed here can
actually be produced: by aerodynamic heating in reentry, where the kinetic energy of
hypersonic motion is transformed into random molecular motion or heat, by the absorption
of X-rays in the atmsaophere that produces nuclear fireballs, or by the absorption of solar
ultraviolet radiation in the earth's upper atmosphere, which produces the ionosphere/
thermosphere.

Part IT will deal in more detail with missile reentry (Chapter 5), with nuclear
phenomenology (Chapter 6), and with selected topics in the propagation of visible and
infrared radiation from high-temperature sources through the atmosphere (Chapter 7).

This document is a set of notes intended to help a new Ph.D. in physics or
chemistry (or person of equivalent training) become familiar with the specialized literature
of an applied field such as atmospheric nuclear weapons effects, missile reentry, upper
atmospheric physics, or high-energy laser propagation through the atmosphere. It presents
a simple overview of some key physical factors, and gives references both to relevant
textbooks and to the "gray" literature specific to the field.

While this document has been read critically by a number of people--see the
acknowledgments--obscurities and inaccuracies probably remain. The reader should be
aware of these limitations in using the material, and is invited to give comments and
criticisms to the author to help make the material more useful.
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2. COMPOSITION OF HIGH-TEMPERATURE AIR

2.1 INTRODUCTION

2.1.1 Basic Data for Air

When air at normal pressures (say, 1076 to 1 atmospheres) is heated from room
temperature to perhaps 10,000 K, most of the energy absorbed goes into dissociating
oxygen molecules rather than into increasing the kinetic energy of the O2 and Nj
molecules.! This fact is a key motivation in preparing the present set of notes, because the
physics in the regime discussed involves the excitation of various internal atomic and
molecular degrees of freedom, in particular molecular dissociation.

Note that for T = 10,000 K, kT/e = 0.86 eV (where k = Boltzmann's constant and
e = charge of the electron). The dissociation energy of the O2 molecule is D = 5.11 eV
which corresponds to a characteristic temperature ©p = eD/k = 59300 K, but at normal

pressures O3 is dissociated already at temperatures of 4000-5000 K, in essence because the
phase space volume of O + O is much greater than that of 0.2

Table 2-1 lists the composition of dry air at sea level. Notice that the chemically
and radiatively reactive and therefore most interesting species--CO;, CO, O3, NO, and
NOz> (also CH4, NH3, and SO which are not discussed here)--are present in small and
typically quite variable concentrations.

Table 2-2 gives some properties of air up to 120 km altitude, where most molecules
other than Nj are significantly dissociated.? This table lists the temperature, density, gas-
kinetic mean free path (MFP) as well as the mean mixing ratios for the energetically,
radiatively, and chemically important minor species HyO and O3. Note the following:

See Section 4.2, in particular Table 4-1.

See the discussion of Section 2.2.2.

Note that this is due to solar photodissociation, not to thermal dissociation. Section 4.4 gives a brief
discussion.
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Table 2-1.

Composition of Dry Alr at 1 Atmosphere Pressure

(From U.S. Standard Atmosphere 1976, pp. 3, 33, 38, 44)

Molecule Molecular Weight Volume Fraction
N2 28 0.781
02 32 0.209
Ar 39.9 0.0093
CO2 44 0.00032 (increasing somewhat after 1980)
Ne 20.2 0.000018
He 4.0 0.0000052
Kr 83.8 0.0000011
CHa4 16.0 1500 x 10~9
Ho 2.02 500 x 10~°
co 28 190 x 109
O3 48 40 x 10-9 (highly variable--see p. 39, op. cit.)
NH3 17 4x10°9
SOz 64 1x10-9
NOo 46 1x10°9
NO 30 0.5x 109
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Table 2-2. The Atmosphere to High Altitudes

Alliuce | Temperature| Density MFP H20 O3
(km) (K) (kg/m?3) (m) (ppmV) (ppmV) Comments
120 360 2.22E-8 3.23 0.20 0.0005 05 dissoc. (A)
110 240 9.71E-8 0.815 0.28 0.05 02 dissoc. (A)
100 195 5.6E-7 0.163 0.40 0.4
90 187 3.42E-6 0.0256 0.85 0.7
80 199 1.85E-5 | 4.07E-3 2.1 0.3 T min. (B)
70 220 8.28E-5 9.28E-4 3.5 0.3
60 247 3.1E-4 5.52E-4 4.8 1.1
50 271 1.03E-3 7.91E-5 5.2 3.1 T max. (C)
40 250 4.00E-3 2.03E-5 5.0 7.3
30 227 0.0184 4.41E-6 4.7 6.6
20 217 0.0889 | 9.14E-7 3.9 2.6 Low H20 (D)
10 223 0.414 1.96E-7 70 (E) 0.13 T min. (F)
0 288 1.225 6.63E-8 | 7800 (E) 0.027
Notes:

ppmV = parts per million by volume
Temperature, density, mean free path (MFP) from USSA-62--see USAF, 1965, p. 2-19.
H20, O3 from AFGL atmosphaeric profiles—-see Anderson et al., 1986.

(A) O2 begins to dissociate above ~ 80 km. By 110-120 km, the number density of atomic O equals
that of O2. Ozone, water vapor, and carbon dioxide all dissociate at somewhat lower altitudes.

(B) Temperature minimum (mesopause) near 85 km.

(C) Temperature maximum (stratopause) near S0 km.

(D) The atmosphere is very dry above the tropopause (~ 11 km).

(E) The troposphere (below ~ 11 km) is quite moist, with a highly variable humidity.

(F) Temperature minimum (tropopause) near 11 km at mid-latitudes.




*  The mean free path [defined in Section 2.5--see Eq. (2.13)] is 7 X 106cm =
700 A at sea level, but 16 cm at 100 km altitude. The MFP is proportional to
the inverse of the numnber density, and normal (~ 1 m ) reentry vehicles will
begin to interact with the atmosphere at altitudes below 110 to 100 km.

» The lower atmosphere (troposphere, below the temperature minimum of
tropopause near 11 km at mid-latitudes) is quite moist, with highly variable
humidity. The minimum temperature of ~ 217 K at the tropopause provides a
"cold trap" which reduces the mixing ratio above the tropopause.

»  The ozone maximum occurs in the stratosphere as O3 is photodissociated at
higher altitudes while one of the O-atoms produced in this way bonds to
another Oy molecule to produce ozone, which is then photodissociated and
reformed repeatedly.

Table 2-3 lists dissociation and ionization potentials and some other information for
important air molecules and atoms. This basic information is of importance in the present
context. Note in particular:

*  The N7 molecule has a significantly higher dissociation eneregy (9.76 eV) than

any of the other molecules, which explains the persistence of this chemical
species.

+  The O molecule has the lowest ionization potential of any of the significant
species, which explains why this is often the predominant positive ion.5

+  Vibration frequencies are normally in the range 1000-2000 cm~!, which is
why the molecular vibration spectra occur in the IR, as the corresponding
wavelengths are 10- Spm.

*  Molecular rotation constants B, are normally 0.5-2 cm~! except for hydrogen-
containing species (H20) which have a much lower rotational constant (and
larger vibrational frequencies ).

Some information about the quantum mechanical structure of atoms and air
molecules is listed in Appendix A. For more detail, refer to the bibliography.

4 Some numbers are in order. The saturated water vapor pressure over ice at 217 K is 0.018 mb which
corresponds to a maximum mixing ratio at 11 km of 80 ppmV. By contrast, the saturated water vapor
pressure over water at 288 K is 17 mb which gives a maximum sea level mixing ratio of
17,000 ppmV (cf. Smithsonian Met. Tables, 1949, p. 234 f).

5

NO and NO; have lower ionization potentials, but these molecules are typically present in relatively
low concentration.
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Table 2-3. Some Propertles of Prlnclpal Alr Atoms and Molecules
Species D i We Bg
02 (X3zg7) 5.116 12.07 1580 1.446
N2(X1Zg*) 9.76 15.58 2359 1.998
NO (X211, 6.497 9.26 1904 1.672
CO2 (X1Zg") 5.45 (O-CO) 13.8 1388,667,2349 0.39
O3 (X1A¢) 1.04 (0-02) 12.5 1103,701,1042 | 3.55,0.445,0.39
NO3 (X2A1) 3.11 (0-NO) 9.8 1320,750,1618 | 8.0,0.43,0.41
4.50 (N-O2)
Ha0 (X1A1) 5.12 (H-OH) 12.6 3657,1595,3756 | 27.9,14.5,9.29
oFP) 13.62
N(4S) 14.53
Ar(1S) 15.76
Notes:
D (eV) = dissociation energy.
I (V) = jonization potential

Mg (cm‘1) = vibrational frequency.

Be (cm"‘) = rotational constant.

For notation on slectronic states see Appendix A.
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2.1.2 On Thermodynamic Equilibrium

Air is made up of a number of chemically reacting species, and thus its composition
under given conditions is determined by the detailed balance of different chemical reaction
processes. For a complex system, a large number of reactions may have to be considered.
While the necessary computations can, in general, be carried out, given present-day
computer power, one is sometimes uncertain whether all important reactions have been
included, and whether their rate constants are represented correctly.

If we ask for the state of a gas after a sufficiently long time, so that the detailed
collisional and radiative energy transfer processes have had an opportunity to establish a
balance, then many properties of the gas are characterized simply as functions of
temperature and pressure, or of temperature and density, independent of details of reaction
mechanisms and rate constants. This is the very useful concept of Thermodynamic
Equilibrium, which is a very useful limit for high-temperature air in the applications
considered here (reentry and nuclear fireballs), and it is a good starting point for more
complicated applications.

Even if the limit of thermodynamic equilibrium does not hold universally, it may
still apply for some specific processes, such as the excitation of rotational levels of a given
molecule or the dissociation of one or another molecule, and thus we can use the concept of
Quasi-Equilibrium for the particular species to which it applies.

However, if we ask for the changing properties of a medium at times so early that
thermodynamic equilibrium has not yet been achieved, it is necessary to consider the details
of the Kinetic Regime (involving collisional and radiative processes) that underlies the state
of the particular medium. While it may be necessary to go to this limit in an actual
application, this will not be discussed here, since for our purposes it is better to begin with
the simpler case of (near) equilibrium.

2.1.3 Outline of the Chapter

In Section 2.2 we discuss the equilibrium dissociation of Oz and the equilibrium
ionization of atomic oxygen, whose ionization potential is 13.62 eV. It is largely ionized
by 12,000 K to 15,000 K where kT = 1 — 1.3 eV. This analysis demonstrates how the
degrees of dissociation (and ionization) vary with the dissociation (and ionization) energy,
temperature, and pressure or density. Because only a single chemical process is
considered, the analysis is simple. In Section 2.3 some results are presented on the
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equilibrium composition of air at elevated temperatures obtained by minimizing the
(Helmholtz) free energy numerically. The basic results which are still in general use are
more than 20 years old--newer values of thermodynamic input parameters provide slight
improvements® which may be important for particular applications. Because the
dissociation energy is so important in the regime being considered here, Section 2.4
discusses some of its effects on thermodynamic properties.

The discussion of Sections 2.2 through 2.4 considers thermodynamic equilibrium,
but this is not uniformly applicable for chemically and radiatively important species. The
concentration of water vapor--while small--is highly variable, and the important species NO
is metastable: it is formed in amounts of several percent at temperatures above 2000 K, and
at lower temperatures its chemical disappearance rate is so slow that it tends to remain
without decomposing ("freezes-in") as the air cools.” Thus, Section 2.5 treats some non-
equilibrium processes, particularly:

*  When kinetics are important (low pressure, uncommon species, short time).

* Some peculiarities of the NO molecule, which is an important radiating
species, has a low ionization potential, and is chemically more reactive than N»

or Oa.

»  Some qualitative factors on radiating species.

Radiative heat transfer tends to dominate over convective heat transfer for gases at
very high temperatures, and thus Section 2.6, which sketches some heat transfer issues of
importance in high-temperature gases, serves as an introduction to the analysis of radiative
processes in Chapter 3.

The basic work on the thermodynamic properties of air species was done in the 1950s and 1960s; for
more recent work, see, e.g., Moss and Scout, 1985.

The term "freeze-in" is used in the specialized literature of this field to indicate that, as the temperature
of a gas parcel falls, its chemical composition no longer follows thermodynamic equilibrium, but
rather some high-temperature species (such as NO, O, or OH) may survive for a relatively long time at
lower temperatures because the decomposition processes for these high-temperature species may
become very slow. See, ¢.g., Zeldovich and Raizer, 1967, p. 564f.
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2.2 EQUILIBRIUM DISSOCIATION AND IONIZATION FOR A
SINGLE SPECIES

2.2.1 Introduction

Here we present the simple expressions and numerical results for the dissociation of
the oxygen molecule and for the ionization of the oxygen atom. The results are idealized in
that the excited states of O and O listed in Appendix A are not considered. These
expressions indicate in parametric form how the dissociation and ionization depend on
temperature and density (or pressure), as well as on the effective dissociation or ionization
energy. They shows that at reasonable pressures ( less than 1 atmosphere) the O2 molecule
of dissociation energy D = 5.1 eV is already significantly dissociated at a temperature of
5000 K which is less than 10 percent of the effective dissociation temperature ©p = D/k =
59,300 K; also the O-atom of ionization potential I = 13.6 eV is significantly ionized at a

temperature of 12,000 K which is less than 10 percent of the effective ionization
temperature Oy = [/k = 158,000 K.

2.2.2 Dissociation of Molecular Oxygen

Consider the diatomic molecule O with dissociation energy D which is made up of
two O atoms. At temperature T, if a total number Ny of molécules occupying volume V
are made up of No2 molecules and No O-atoms, then in local thermodynamic equilibrium
the respective numbers Ng and N satisfy the following two equations:

Noz +No/2 = Nt =constant 2.1)
which is the equation of continuity , and the chemical equilibrium condition

No?/No2 = Kiss(T) = [foX(T) /foa(T)] exp(-D/KT) (22)
where Kiss(T) is the equilibrium constant for the dissociation reaction

O <=> 20 (2.3)

and the f's are partition functions for the respective atoms and molecules which are
proportional to volume V. The partition function fj(T) for a system J having states i =
1,2,... of energy E; is defined as the sum over all states i of the factor exp(-E/kT)

f3(T) = Z; exp(-E/KT) . (2.4)
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Figure 2-1. Thermal Equilibrium Dissoclation of Molecular Oxygen O2,
as a Function of Temperature T and of Number Density Ratio n/ne.
The fractional dissociation phl (¢diss of EQ.(2.5)) is expressed as a function of
the number density ratio, n/ng, where no = 2.687x1019 cm-3.
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The partition function can be written to a good approximation as the product of
translational, rotational, vibrational and electronic terms; in Appendix B we give the
partition function for the dissociation of a diatomic molecule and the numerical parameters
for the dissociation of the oxygen molecule.

In Fig. 2-1 we show the fractional dissociation of oxygen, defined as:
Odiss = No/[No + Noz] (2.5)
for various values of the number density ratio n/ny, where ng = 2.687 x 1019 particles/cm3,

which corresponds to a pressure of 1 atmosphere at a temperature of 273 K for an ideal
gas.®

The dissociation energy D = 5.11 eV can be expressed as an effective dissociation
temperature ©p = D/k = 59,300 K. Note that the temperature dependence of the fractional
dissociation @giss is much stronger than the pressure (or specific volume or density)
dependence, and that at n/ng > 10~3. which correspond to a pressure of less than 0.015
atmospheres, the Oz molecule is already significantly dissociated at 4000 K.9

2.2.3 Ionization of Atomic Oxygen
For definiteness, consider the single ionization of the oxygen atom:
O + Energy(I=13.6eV) => ot + e . : (2.6)

We begin with Ny atoms in a volume V; if in equilibrium at temperature T there are Na
atoms, NJ ions anc Np electrons, the condition of charge neutrality requires that

N1 = Ne 2.7
and

Na + N1

]
Z
[=]
-~

(2.8)

It is appropriate to take V = 22.4 liters/mole and Niot = (n/no) NAvogadro. This would give a pressure
(T/273) (n/no) (1 - dgiss) at a temperature T.

The reason for this strong temperature as against density dependence can be seen from the form of the
equation derived for No from Equations (2.1) and (2.2), which is N02/(N;0t—No) =G V exp(~-68p/T),
where G has only a weak temperature dependence and no pressure dependence).

9
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The equilibrium constant K;(T) for the ionization reaction (2.6) is given by the relation

NL.Ne/Na = Ki(T) = [fi(T) fe(T)/fA (D] exp (-IKT) , (2.9)
where the f's are partition functions. For our idealized system, Eq. (2.9) becomes
Ne2/NA = V (2rkm'/h2)32 T372 [2 g(I)/g(A)] exp(-LXT) .  (2.10)

Here m' is the reduced mass of the electron in presence of the ion; it is essentially equal to
the electronic mass. The factor 2 associated with the statistical weights g comes from the
two spin states of the free electron, and the statistical weights g(I) and g(A) are respectively
g[O*(4S)] = 4 and g[O(3P)] = 3. The rest of the partition function comes from the phase
space volume term associated with the translational partition function analogous to
Eq. (B.1a) of Appendix B.

We define the degree of ionization as
dion = Ne/(NA +Np (2.11)

where N and Ne are determined by solving Eqgs. (2.8) and (2.10). The resulting values
for ¢ion as a function of temperature and density are plotted in Fig. 2-2 where again Ny =
(n/ng) NAvogadro. Note that once again the temperature dependence of ¢ion is much
stronger than the density dependence, and that at temperatures above ©y/10 = 16,000 K the

atomic gas is largely ionized at pressures below 1 atmosphere.

2.3 EQUILIBRIUM COMPOSITION OF (DRY) AIR AS FUNCTION OF
TEMPERATURE

Air is made up of O of dissociation energy 5.12 eV, which is largely dissociated at
"normal” pressures by 4,000 K to 6,000 K, and of N3, whose dissociation energy of
D = 9.76 eV corresponds to ©p = eD/k = 113,400 K, and which does not begin to
dissociate at temperatures below ~ 8000 K. Also, some NO is formed at temperatures
above 2000 K, and the small fraction of CO; and H,O will dissociate in the range 1,000 K
to 4,000 K. To calculate the composition of equilibrium air under conditions when the
chemical composition changes, one either solves a set of equilibrium conditions analogous
to Eq. (2.2) or (2.10) for each of the reactions considered, or equivalently minimizes the
free energy at constant pressure (using the Gibbs free energy) or at constant density (using
the Helmholtz free energy). This is done with a computer program, using as input the
atomic composition and the thermodynamic parameters for the various species, some of
which are given in Table 2-3. The following points should be noted:
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1. Most calculations have been done for dry air because the atmospheric water
vapor concentration is small and highly variable.

2. For areview of thermodynamic calculations in the 1950s and early 1960s, see
Hochstim, 1964 (which is reprinted as an appendix to Hilsenrath and Klein,
1965).

3. The "classic" calculations of the early 1960s are still generally accepted, but
see, e.g., Moss and Scott, 1985, for references to current work in this field.

Some representative results for the composition of high-temperature dry air (from
Hilsenrath and Klein, 1965) are shown in Fig. 2-3. These calculations are done at constant
density, i.e., with p/po = 10~1, where po = 1.293 kg/m3, which corresponds to STP.10
The results are inevitably complex, but some general conclusions that can be drawn are the
following:

»  The air triatomics dissociate below 2,000 K to 3,000 K, depending on density
Or pressure.

«  02(D =5.12 eV) dissociates in the 3,000 K to 6,000 K temperature range,
while N2 (D = 9.76 eV) dissociates in the 9,000 K to 15,000 K range.

+ There is little ionization below 6,000 K where NO*(which has the lowest
ionization potential of any of the air species, I = 9.25 eV) is the principal
positive ion; above 9,000 K there are very few molecules left, while above
12,000 K, air is largely ionized [with Ot (I = 12.1 eV) as principal positive
ion]. '

+  Metastable molecules or "free radicals” such as NO, CO, CN, OH, etc., which

are both chemically and radiatively active, form above room temperature but
normally decompose above 3,000 K to 5,000 K.

2.4 EFFECTS OF DISSOCIATION ENERGY ON THERMODYNAMIC
PROPERTIES

The characteristic behavior of air in the temperature range from 1,000 K to
10,000 K which is under discussion here is principally due to the fact that a large amount
of energy is required to dissociate the O and N7 molecules. We can write the change in
internal energy AE as

AE=-PAV+S AT +u An (2.8)

10 o, corresponds to n, of the previous Section.
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and Density. Source: Hilsenrath and Klein, 1965.
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